A di tal computer-simulation model of the Wenonah-Mount Laurel aquLier is used to evaluate the aquifer's capabilities of meet the projected future demands and to study the cause of the rapidly decl water levels. The modelled area includes l,SOO square miles (3,88S square kilometres) of the New Jersey Coastal Plain and includes all the important centers of pumping in Monmouth, Burlington, and Ocean Counties from the Wenonah-Mount Laurel aquifer.
The Wenonah Formation and Mount Laurel Sand of Late Cretaceous age are exposed in the western part of the New Jersey Coastal Plain along a belt trending northeast-southwest from Raritan Bay to Delaware Bay. The formations typically consist of poorly sorted silty to fine quartz sand, the Wenonah Formation, and a coarse clastic quartz sand unit, the Mount Laurel Sand. The Wenonah-Mount Laurel aquifer is composed of the sandy part of the geologic units.
Transmissivity of the aquifer ranges from 360 square feet per day (33.4 square metres per day) to 1,430 square feet per day (132.8 square metres per day); the estimated hydraulic conductivity ranges from about l.S x Io-4 feet per second (4.6 x lo-S metres per second) to 2.2 x l0-4 feet per second (6.7 x 10-S metres per second); and the storage coefficient varies from about l.S x lo-S to 3.S x lo-4.
The annual average rate of withdrawal from the Wenonah-Mount Laurel aquifer in Monmottth, Burlington, and Ocean Counties increased from about 1 million gallons per day (44 cubic decimetres per second) in 19S9 to slightly more than 2 million gallons per day (88 cubic decimetres per second) in 1970. Near the pumping centers in Monmouth County, the water level declined as much as 100 feet (30.S metres) between 19S9 and 1970. In the subjacent Englishtown aquifer underlying the lower confining unit (Marshalltown Formation), the annual average rate of withdrawal in all of Monmouth and Ocean Counties increased from S.5 million gallons per day (241 cubic decimetres per second) in 1959 to 9.S million gallons per day (416 cubic decimetres per second) in 1970. Water-level declines for the same period are as much as 140 feet (42.7 metres) near centers of pumping.
The digital-simulation model was calibrated by matching computed declines in the Wenonah-Mount Laurel aquifer with historic water-level declines over the 12-year period, 1959-70. The results of the modelling show that recharge to the aquifer occurs as leakage from the upper confining unit owing to withdrawals from the aquifer. Of equal significance is the effect of water-level declines in the Englishtown aquifer, which generate leakage from the Wenonah-Mount Laurel aquifer through the lower confining unit, which in turn s leakage (recharge) to the from the upper confining unit.
The rapid declines of water levels in the fig .. 2) .. The area modelled includes the major areas of ground-water use and deve in the WenonahMount Laurel aquifer in Monmouth, Burlington, and Ocean Counties.,
Previous Investigations
The geology of the Coastal Plain of New Jersey and of the Wenonah Formation and Mount Laurel Sand has been discussed by a number of authorsm Some of the more recent investigations are by others (1968, 19 Owens and , Minard (1964 Minard ( , 1965 , Minard and others (1969) , and Owens and Minard (1966) .
The regional geohydrology of the Coastal Plain of New Jersey and of the Wenonah Formation and Mount Laurel Sand was discussed by Barksdale and others (1958) and Parker and others (1964 Farlekas, Nemickas, and Gill (1973) on Camden County; Hardt (1963) and Hardt and Hilton (1969) on Gloucester County; Rosenau and others (1968) on Salem County; and Rooney (1971) and Nemickas (1974) Owens and others (1970) and Owens and Sohl (1969) (Gill and Farlekas, written commun .. , 1969) ., The upper part (Merchantville Formation and younger) of the lower unit, ited during several transgressive and regressive cycles, becomes progressively more marine indicating deeper water deposits$ The upper stratigraphic unit ranges in age from middle Miocene through Pliocene(?) and is characterized the absence of glauconite and the first appearance of thick marine diatom beds the Kirkwood Formation (Gill and Farlekas, written comrnun , 1969) The major fresh-water aquifers in the Coastal Plain of New Jersey are sands and gravels of Cretaceous and Tertiary age in the Potomac Group, the Raritan and Magothy Formations, the Englishtown Formation~ the Wenonah Formation and Mount ·Laurel Sand, the Kirkwood Fonnation, and the Cohansey Sand'" Minor aquifers are found locally in s of the Merchantville Formation, Red Bank Sand, Vincentown Formation, and Manasquan Formation Sand and gravel in the surficial deposits of Quaternary age are commonly hydraulically connected to the adjacent und fers.
Era them () .,..; 
c:
.,..; Modified after Farlekas, Nemickas, and Gill, 1973, The Wenonah-Mount Laurel aquifer is underlain by a confining unit which includes the Marshalltown Formation and the lower part of the Wenonah Formation in the northern New Jersey Coastal Plain in Monmouth, Burlington, and Ocean Counties. In the central part of the New Jersey Coastal Plain (Ocean and Burlington Counties), the underlying confining unit includes the Merchantville Formation, Woodbury Clay, Englishtown Fonnation, Marshalltown Formation, and the lower part of the Wenonah Formation.. The overlying confining unit as defined in this report includes all deposits overlying the Mount Laurel Sand.
The thickness of the Wenonah-Mount Laurel aquifer in the northern New Jersey Coastal Plain is shown on figure 6. The thickest part of the is not in the study area but is in central Camden, Gloucester, and Salem Counties where it is more than 115 feet (35 m Specific-capacity data from industrial and public-supply wells tapping the Wenonah-Mount Laurel aquifer in the New Jersey Coastal Plain were used to estimate transmissivity. The estimation of transmissivity from specific capacity can be calculated by using the following equation (Hurr, 1966) .
1.632 x 10 (r s/tQ) Sa
(1) 2 T = (1.87 r tu) Sa (2) where r = the radius of observation of drawdown in feet s = the drawdown in feet t = time since pumping began, in days Q = discharge in gallons per minute Sa = apparent specific yield for a water-table aquifer and storage coefficient for a confined aquifer u(w(u)] is calculated from equation (1) and u is then determined graphically from a plot of u(w(u)] u. The value of u from the graph is substituted into equation (2) Hydraulic conductivity for the aquifer was calculated by taking the transmissivity of the aquifer at the well site and dividing the transmissivity by the aquifer tl1ickness. The hydraulic-conductivity values were averaged for the 33 wells and the average value of 1.5 x lo-4 ft/sec (feet per second) [4.6 x lo-5 m/sec (metres per second)] was obtained.
The coefficient of storage for the aquifer was taken from two aquifer tests. The mean coefficient of storage for one aquifer test was 1 .. 2 x lo-4 and the mean for the second test was 3e5 x lo-4. LAUREL AQUIFER, 1959 1960 1961 1962 1963 1964 1965 1966 196 7 1968 1969 1970 -----------' The Wenonah-Mount Laurel is bounded above and below by sequences of sandy to clayey silts and silty clays. The underlying sequence of sediments, which forms the lower confining unit for the Wenonah-Mount Laurel aquifer in the northern part of the study area, includes the Marshalltown Formation and the lower part of the Wenonah Formation. The thickness of the lower confining unit in the northern part of the study area ranges from less than 20 ft (6.1 m) in central Monmouth County to 60 ft (18.3 m) in western Burlington County to 80 ft (24.4 m) in central Ocean County (fig. 11) . The average thickness is about 45 ft (13.7 m).
In the southern and southeastern part of the study area the lower confining unit is much thicker, including not only the lower part of the Wenonah Formation and the Marshalltown Formation but also the Englishtown Formation (locally), Woodbury Clay, and Merchantville Formation. The thickness of the confining unit ranges from 80 ft (24.4 m) in western Burlington County to 420 ft (128 m) in southcentral Ocean County. This lower confining unit has an average thickness of 200 ft (61 m) .. Hydraulic conductivity and specific storage values for the lower confining unit were obtained from laboratory tests of undisturbed cores. The range ~f hydraulic conductivity of the cores is from 3.0 x lo-9 ft/sec 0 10 (9.2 x 10-m/sec) to 2.8 x loft!zec (8.5 x lo-ll m/sec). The 1 specific storafe ranges from 1.0 x 10-ft-(3.1 x lo-5 m-1) to 3.4 x lo-6 ft-(1.0 x lo-6 m-1). Hydraulic conductivity and specific storage were calculated from consolidation test data for the load increment nearest the approximate computed overburden pressure.
Upper Confining Unit
The sequence of predominantly fine-grained sediments above the Wenonah-Mount Laurel aquifer is treated, in the model, as a single composite confining unit. This composite unit, therefore, consists of the Navesink Formation, Red Bank Sand, Hornerstown Sand, Vincentow~ Formation, Manasquan Formation, Kirkwood Formation, and the saturated part of the Cohansey Sand and younger sediments, where they are present. The least permeable and thickest part of this upper confining unit in the study area is the Manasquan Formation. The total thickness of the composite upper confining unit ranges from several feet near the outcrop of the aquifer to 1,200 ft (366 m) in the southeastern corner of the study area ( fig. 12) . Hydraulic conductivity and specific-storage values were determined from laboratory tests of cores taken in fine-grained sediments at various points in the section above the aquifer. The range 8 of hydraulic conductivity of the cores is from 2 .. 1 x lo-ft/ sec (6 .4. x lo-9 m/sec) to 4.9 x lo-ll ft/s~c (1.5 x lo-ll m/sec). The specific storage 1 ranges from 3.3 x lo-3 ft-1 (1.0 x lo-3 m-1) to 3.1 x lo-6 ft-(9.5 x lo-7 m-1). In designing the digital model, it was assumed that the properties ~-~~ ;' -~· largely by the fine-grained materials of the section and, therefore, fell within the ranges determined for the cores.
AQUIFER SIMULATION
The use of digital computers in ground-water resources evaluation has been established in the past few years. Computers are available that allow solutions of a large set of simultaneous equations that are involved in studying the cause and effect relationships in heterogeneous aquifer systems having a wide vari~ty of source and sink functions and boundary conditions. In this report, the computer program used tosimulate the Wenonah-Mount Laurel aquifer is based on a program developed by Pinder (1970) and modified by Trescott (1973) . The program is written in F~RTRAN IV for the IBM System 360.
The program simulates the response of a confined aquifer system to pumping from one or more wells by solving the two-dimensional groundwater flow equation. The aquifer system may be irregular in shape and may be nonhomogeneous, Steady and transient leakage from overlying and underlying confining units are included. The simulation is carried out using a sequence of pumping periods; pumping rates during each pumping period are constant, but may be changed from period to period.
The differential equation for nonsteady flow of a noncompressible fluid in an elastic nonhomogeneous porous medium can be written (Pinder and Bredehoeft, 1968) : W is the volumetric flux of inflow to outflow from the aquifer, per unit surface area of aquifer (L/T). In the model used in this study, W, included pumpage and leakage through overlying and underlying confining beds.
The digital-modelling technique provides approximate solutions to equation (1) for specified boundary conditions. A rectangular mesh is superposed on a map of the aquifer, dividing it into elements or blocks A node is located at the center of each block; and the head at each node, at any given time, is related to the heads at surrounding nodes through a finite-difference to ion Time is by dividing the time axis into increments or steps; the head node is treated as constant within a time increment and is assumed to vary in stepwise fashion from one time increment to the next~ This procedure gives rise to a set of N simultaneous for any given time step, where N is the number of nodes in the mesh. The equation set for each time step is solved by an iterative process, as described by Trescott (1973) , in which the computations are processed alternately in the x and y directionsG The technique is commonly referred to as the iterative-alternating direction-implicit 2) specific storage of the modelled aquifer; specific storage of the upper and lower confining units;
3) pumping rate at each node where a production well tapping the modelled aquifer is located (A negative value can be used to indicate a recharge well); 4) thickness of aquifer, upper confining unit, and lower confining unit; 5) water-table surface in the overlying aquifer and potentiometric head in the underlying aquifer; 6) dimensions of the elements of the rectangular grid; 7) initial potentiometric surface of the modelled 8) rate of change in the potentiometric surface of the underlying aquifer9
The purpose of the program is to calculate the hydraulic head in the aquifer as a function of space and time. Numerical values and an alphameric contour map of the drawdown in the are printed at selected time steps.
For a detailed explanation of the method used for the finite-difference equations and obtaining approximate solutions of partial differential equations see Pinder (1970) ; Trescott, 9 and Von Rosenberg (1969 Few data are available to dete1.wine the boundaries of data direct northern the Atlantic and also is specified in the model as and has been located sufficient far from the so that any influence of this boundary on the areas of response was insi
The southwestern of the Delaware Because there is no direct connection between the and the bay, and little pumpage takes place from the Wenonah= l'1ount Laurel in the southern Coastal Plain, an boundary for modelling purposes ..
The northwestern border of the model coincides with the upper contact of the Mount Laurel Sand along its area. The area is known to be both a di and area of the ic highs are the and the lows are the areas and the are not knm;vn and the is specified as a constant-head in the modeL, Thicknes , ic conduct for the Wenonah-Haunt Laurel node in the model thickness data set transmis and s coefficient arrays each thicknes value by a value of hyd:raulic conduct to obtain transmis and to obtain storage coefficient. 4.6 X 1.5 X 10-4 .0 X 6.1 X aquifer pper confining unit 10-CJ 9.5 X 2.9 X 10-9 10-10 6.0 X l. 8 X 3. X l. 1 X ower confining unit 9.9 X 10-9 3.0 X 10 -lO 8.0 X 2.4x 10-lO 6.0 X l. 8 X A constant average value 3 in the model. The average value was determined from 33 wel s in the study areae A constant specificvalue was al used in the model to generate a variable storage coefficient for the WenonahMount Laurel aquifer. The storage values determined from tests did not produce enough drawdown as that recorded in the field; therefore, in order to increase the declines in the area, the specific value was decreased to 2.5 x (6~1 x lo-6 m-1).
, but equally plausible, storage values were tested in the model, producing very litt on the drawdown in the W U L Thickness, hydraulic conductivity, and specific for each confining layer are recorded for all nodes in the model. These data are used to compute the coefficients needed to calculate transient and steady leakage rates at each node.
A constant specific-storage value for each confining unit (table 3) was used in the model, because it was the least sensitive parameter. A constant hydraulic-conductivity value was tried for each confining unit that produced poor results. The model indicated that slight ch~nges in hydraulic conductivity of confining layers are extremely sensitive and produced large drawdown variations in the aquifer. A range in hydraulic conductivity for the confining layers was established from lahoratory analyses of undisturbed cores. This range was the limit of adjustment in hydraulic conductivity for the confining units in the model .. figure 18 .. The initial, 1959, head was used for the first pumping period.. Thereafter, the head was lowered at each node at two-year intervals at a rate equal to the total decline divided by six.. This generated a step type of adjustment in the head of the Englishtown aquifer at specific intervals the calibration period.
Water

Pumpage Data
Pumpage data, in million gallons per day, are entered into the model for each node with a pumping well or well field. An average rate of pumping for each 2-year period was used in the modelo At the start of each new pumping period, the average rate of pumping was adjusted to the new calculated rate of pumping for the 2-year period being simulated~ The simulation model incorporates a total of six 2-year pumping periods for the total calibration period. . Water-level altitudes were detennined by field measurements and from well records for 1959@ In 1970 water-level measurements were repeated in only 26 of the wells that were measured in 1959e Different wells in 1959 and 1970 were also used as data points for the construction of water-level maps. The altitude of water levels is determined by field measurements by measuring depth to water to the tenth of a foot. These data are subtracted from the altitude of the land surface as estimated from topographic maps with .10 or 20 ft (3.1 or 6 .. 1 m) contours, which may cause inaccuracies of 10 ft (3 .. 1 m) or more in the wells where only one measurement was obtained in 1959 or in 1970.. Despite the possible inaccuracies that may exist in the methodology, the computed total decline ( fig .. 19) for the calibration period is very similar to the field declines ( fig .. 10) ..
CALIBRATION OF THE WENONAH-MOUNT LAUREL SIMULATION
Based on the calibration of the model, a test was run to determine the effect of leakage between aquifers on the decline of the WenonahMount Laurel head. The model was run for the 12=year simulation period only, with the step-like decline in the Englishtown aquifer and the elimination of pumpage in the Wenonah-Mount Laurel aquifer. The results of the test indicated that the decline in the Wenonah-Mount Laurel aquifer, without purnpage, was about two-thirds of the total decline8 Therefore, it is concluded that the major cause of the water-level decline in the Wenonah-Mount Laurel aquifer can be attributed to the stress in the Englishtown aquifer and only one-third of the decline is due to direct withdrawals from the Wenonah-Mount Laurel aquifer. oo' w drawdown due to pumping in the Wenonah-Mount Laurel aquifer if assumptions are made during the simulation period that the Englishtown aquifer heads will (1) decline at the same rate, (2) stay steady, or (3) decline in a specified fashion. These assumptions presuppose that there is some way to predict Englishtown aquifer heads that does not involve arbitrary assumptions about the Wenonah-Mount Laurel aquifer.
A more accurate representation of the Wenonah-Mount Laurel aquifer would require a multiaquifer model in which the heads, withdrawals, and hydraulic parameters of all the interactive aquifers would be includede This type of model would be more useful for prediction because the true interactive nature of the various parts of the aquifer system could come into play without requiring as many assumptions as are necessary when modelling any single aquifer.
SUMMARY AND CONCLUSIONS
The simulation model of the Wenonah-Mount Laurel aquifer can be used to evaluate the aquifer's capabilities of meeting projected future demands and to study the cause of the rapidly declining water levels. The modelled area includes 1,500 sq mi (3,885 sq km) of the New Jersey Coastal Plain and incorporates all the major centers of pumping in Monmouth, Burlington, and Ocean Counties.
-3 2 Transmissivity of the aquifer ranges from 4~2 x 10 ft /sec (3.9 x 2 2 lo-4 m2/sec) to 1.5 x lo-ft /sec (1.5 x lo-3 mL/sec); the estimated hydraulic conductivity ranges from about 1.5 x lo-4 ft/sec (4.6 x lo-5 m/sec) to 2.2 x lo-4 ft/sec (6.7 x lo-5 m/sec); and the storage coefficient varies from about 1.5 x lo-5 to 3.5 x lo-4.
The underlying and overlying confining beds, which have an average thickness of 45ft (13.7 m) and 200ft (61 m), respectively, have hydraulic conductivities which range from_r o x lo-9 ft/sec (9.1 x lo-10 m/sec) 1 to 2.8 x lo-10 ft/sec (8.5 x 10 m/sec) for the underlying confining 9 unit and from 2.1 x lo-8 ft/sec (6.4 x lo-m/sec) to 4.9 x lo-ll ft/sec (1.5 x lo-ll m/sec) for the overlying unit. Specific storage ranges from X X 1 6 1.0 10-4 ft-1 (3.1 10-5 m-) to 3.4 X 10-6 ft-1 (1.0 X 10-m-1) for 3 the underlying unit and from 3.3 x lo-ft-1 (1.0 x lo-3 m-1) to 3.1 x lo-6 ft-1 (9.4 x lo-7 m-1) for the overlying confining unit. causes increased leakage from the Wenonah-Mount Laurel aquifer. The increased leakage from the Wenonah-Mount Laurel, in turn, causes increased declines of Wenonah-Mount Laurel water levels, which then induce additional release of water from the confining beds above. In the same manner, increased withdrawal from the Wenonah-Mount Laurel aquifer affects the rate and magnitude of water-level decline in the Englishtown aquifer. decrease in head in the Wenonah-Mount Laurel in response to pumping the same aquifer causes a decrease or even reversal of the head difference between the two aquifers, which, in turn, causes a reduction in the rate and volume of leakage into the Englishtown--leakage which. s a part of the withdrawals from the Englishtown aquifer. As a result, an increase in the rate of water-level decline occurs in the aquifer, even with no increase in direct withdrawals.
Because of the importance of leakage into and out of the lAJenonahMount Laurel aquifer through confining layers, an feature of the simulation model is the simulation of the head distribution in the aquifers underlying and overlying the confining layers. The Englishtown aquifer water-level declines for the 1959-70 period were incorporated in the model to generate leakage into the Englishtown ) which is the major cause of water-level declines in the Wenonah-Mount Laurel The digital simulation model was calibrated by matching computed declines in the Wenonah-Mount Laurel aquifer with historic water-level declines over the 12-year period, 1959-70. The results of the model analysis show that there is significant recharge to the from the upper confining unit owing to ptm~.page.. Of equal significance is the effect of water-level declines in the Englishtown aquifer, which generate leakage from the Wenonah-Mount Laurel aquifer through the lower confining unit 
